Abstract. Al-rich sludge produced from industrial anodising and surface treatment processes had been tested in the fabrication of alumina-based materials, by using plastic extrusion as shaping technique. Long rods were produced using a vacuum screw extruder, by a careful control of all relevant processing parameters. Then, thick discs were obtained by cutting dried selected rods, to be tested as probes for sintering-dependent electrical properties. The sintering process was followed by common dilatometric/thermal analyses and results were interrelated with the evolution of electrical conductivity, estimated by impedance spectroscopy technique (IS). Results show that sinteringdependent morphological evolution up to 1300ºC strongly affects the electrical behaviour of samples, and as a consequence IS seems to be a useful method to follow the firing process.
Introduction
The study of ceramic sintering process is extremely important for understanding the sintering mechanisms and improving the efficiency of ceramic production. Impedance spectroscopy (IS) is a relatively cheap and simple technique for non-destructive testing, which has been used to characterise the electrical properties of the material and relate them with changes in the microstructure [1] [2] [3] . Examples of the use of IS to characterise the microstructural evolution include sintering of ceramics [2] [3] [4] , and hydration and hardening of cements [5] [6] [7] . These works demonstrated the potential of IS to discriminate the partial contribution of grains, grain boundaries, pores and other morphological details, in the final properties of the materials.
In other hand, the recycling of an Al-rich anodising sludge as a major component of different ceramic compositions has been tested [8, 9] . Full characterization and specification of pre-treatment needs of the Al-sludge, and its mixture with natural components, such as kaolin and clays has been studied and related before [8] [9] [10] [11] . The main goal was to prove that this waste can be regarded as a useful raw material for other industries, such as ceramic, thus reducing the negative environmental impact associated with landfill and preserving non-renewable nature resources. The processing of alumina, mullite, and cordierite-based formulations are described in those works.
Ceramic formulations can be very complex and then, their behaviour upon firing might be very diverse as well [1] . Normally the formation of liquid phase controls the sintering process of the common ceramic formulations. The relative amount and composition of such phase is crucial in determining the sintering kinetics and then all the related properties of the fired material, such as the densification, mechanical strength, etc [1, 10, 11] . Dilatometry is the common technique used to follow this process. In general, the liquid phase tends to concentrate the highest diffusing species (Na + , K + , etc) and behave as an ionic conductor. By contrast, grains in the matrix are much less conductive. Since the microstructural development upon sintering involves dramatic changes of the relative volumetric amount of grains, grain boundary phases (and their average compositions) and pores, strong changes are expected on the electrical response of the system [12, 13] .
The purpose of this work is the use of IS measurements as a non-destructive tool for monitoring the sintering evolution of an alumina-recycled composition and then to control the firing process.
Experimental
The alumina recycled formulation, 100AS, was obtained by using an Al-rich sludge as the unique component, derived from the wastewater treatment unit of aluminium anodising industrial plant (Extrusal S.A., Aveiro, PT). The composition is a mixture (50:50 wt.%) of wet (as-received) and calcined sludge (1400ºC, 2h). For plasticity adjustment, essential to the extrusion process, commercial organic additives were used (6% of Zusoplast C28 and 2% of Zusoplast O59, Zschimmer & Schwarz) [14] . The as-received Al-sludge is mostly constituted by aluminium hydroxide and water (about 85 wt. %), but aluminium, calcium and sodium sulphates are also present as minor constituents. The full characterization of the aluminium sludge is given elsewhere [8, 9] . For comparison commercial alumina was also used (Alcoa CT 3000).
Extruded rods were obtained in a pilot-scale screw extruder with two single screws in series separated by a vacuum chamber. After drying (110ºC, 24 hours) the samples were cut (≈10mm diameter and 2-3mm thickness) assuring that contact surfaces are parallel. Pt-foil contact electrodes (∅ = 2.2mm) were used. The electrical behaviour upon firing (heating rate = 2ºC/min) was studied by impedance spectroscopy. Measurements were conducted between 500-1300ºC in the experimental setup represented in Figure 1 , using a Hewlett Packard 4284A bridge and changing the frequency between 20 and 10 6 Hz. Fitting and interpretation of curves was done by using a specific routine program [15] .
The microstructural evolution was evaluated by SEM/EDS (Hitachi, SA100) after polishing and etched (5v/v HF solution for 2-5 min). The crystalline phases were detected by XRD (Rigaku Denk Co.). 
Results and discussion
To predict decompositions and other reactions during the sintering process, which can change the electrical response, DTA/TGA analyses of alumina recycled sample were performed (Fig. 2 ). The TGA curve shows two main regions of weight loss. The (strong) first one is registered between room temperature and 480ºC and is due to the removal of free water and to the burning of organic additives. This last decomposition is responsible for the exothermic band in the DTA curve. The second loss is observed between 850 and 1050ºC and is due to sulphates decomposition (Al and Ca, respectively).
To clarify the changes on the electrical behaviour upon firing, alumina-recycled samples were pre-sintered at four different temperatures (800, 900, 950 and 1000°C), being the response measured during dwell time until reaching a stationary behaviour. The impedance spectra are shown in Figure 3 . These figures show a single-arc just slightly depressed (n > 0.96, while a centred
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Advanced Materials Forum V semicircle shows n = 1), being this response usually attributed to the dominant contribution of the intragranular effect [1, 13, 16 ]. Results also show that by increasing the pre-sintering temperature, from 800 to 900ºC, the electrical resistivity tends to decrease, while increasing with the dwell time at each fixed temperature. At 950°C the resistivity evolution reverses (see Figure 3C) , probably due to gas formation and consequent increase of relative amount of pores (initial stage). After 80 minutes the sintering process started, then increasing the contact between particles and densification. This effect is more obvious at 1000°C (Figure 3D ), where the sintering process is in progress, as also denoted by dilatometric curves of Figure 4 . Determination of the rate of resistivity change at 800 and 900ºC results in values of 134 Ω/min and 40 Ω/min, respectively. This slowdown in the increase of electrical resistivity is another proof of the microstructural changes occurring in the material. While in a preliminary way, these results suggest the potential applicability of the impedance spectroscopy technique to assist the study of sintering phenomena and degassing processes, even in complex systems. The relationship between the microstructure and electrical behaviour was studied to accompany the process of heating at an earlier stage. Figure 4 shows the Arrhenius curves of electrical conductivity of extruded samples, which were not subject to previous sintering. Values were properly corrected by knowing the thickness variation during firing. Dilatometric curves are also represented. For sake of comparison, the following samples were tested: (i) 100AS pre-sintered at 1650°C, (ii) commercial alumina, dried and pre-sintered at the same value.
At low temperature, the increase of conductivity is due to the normal heating process, as usual in ionic-type conductors where the conduction mechanism is thermally activated. Between 750 and 1000ºC (≈ 0.977 and 0.785 K -1 ) the decrease of conductivity of the sample 100AS is related with the above mentioned microstructural changes. After this stage, the conductivity curve returns to the initial slope. Above this region, the sintering process evolves, as denoted by the increasing shrinkage and by the re-enhancement of the conductivity (σ el increases exponentially with temperature). The comparison with the dilatometric curve (dL/L 0 ) shows a clear correspondence, namely in the temperature region where the shrinkage tends to be intensified, corresponding to the acceleration of the sintering process.
With pre-sintered samples, the conductivity uniformly increases with temperature rising. Estimated conductivity values of the commercial alumina are consistent with the literature [17] , proving the correctness of the actual estimations.
XRD patterns, Figure 5 , confirm that α-alumina is the main crystalline phase detected in the alumina-recycled samples (100AS) sintered between 800-1650ºC. Results also show the presence of β-alumina (NaAl 7 Figure 6 shows the impedance spectroscopy evolution of non-fired commercial alumina samples. The inversion on the conductivity change described for the 100AS sample is also denoted (around 900ºC), which is in agreement with the Arrhenius and dL/L 0 evolution shown in Figure 4 . In pure aluminous materials, this transition may indicate the beginning of the sintering process and occurs earlier than in the 100AS, due to the absence of gas decomposition reactions and due to the smaller size of the particles. Figure 7 shows a representative view of the microstructure of the extruded bodies of recycled alumina fired at 1450, 1550 and 1650ºC. At lower temperature, a reasonable amount of large pores still persist but crystals of diverse shapes are visible as well. Above this point, α-alumina is the main detected phase and its growth clearly dominates the sample microstructure and, consequentially, its conductivity evolution, as demonstrated in a previous work [12] .
Due the presence of some contaminant cations, such as Na, Cr and Mg (as observed by XRD), expectably acting as conductive species, the values of the electrical resistivity of the 100AS-sample are lower than those obtained for commercial alumina, 8.75x10 4 Ω.cm and 2.45x10 5 Ω.cm, respectively (calculated at 1000ºC). 
Conclusions
Impedance spectroscopy measurements of alumina recycled compositions proved to be a useful technique to study the sintering evolution, from coherent relationships between the electrical behaviour and relevant influent microstructural parameters. The variation of electrical conductivity gives a precise indication of the beginning of the sintering process, showing a good agreement with common predictions get from dilatometric measurements. The precision point of reversal in the electrical resistivity evolution, observed also in the commercial alumina, was easily detected through the impedance spectroscopy technique. Values of the electrical resistivity of the waste-based formulation are lower than those obtained for commercial alumina, but still very high to permit its use in devices for less severe insulating purposes. 
